In many temperate plant species, prolonged cold treatment, known as vernalization, is one of the most critical steps in the transition from the vegetative to the reproductive stage. In contrast to recent advances in understanding the molecular basis of vernalization in Arabidopsis non-vernalization mutants or the spring growth habits of cereal crops such as wheat and barley, natural variations in winter growth habits and their geographic distribution are poorly understood. We analyzed varietal variation and the geographic distribution of the degree of vernalization requirements in germplasms of domesticated barley and wild barley collections. We found a biased geographic distribution of vernalization requirements in domesticated barley: Western regions were strongly associated with a higher degree of spring growth habits, and the extreme winter growth habits were localized to Far Eastern regions including China, Korea and Japan. Both wild accessions and domesticated landraces, the regions of distribution of which overlapped each other, mainly belonged to the moderate class of winter growth habit. As a result of quantitative evaluations performed in this study, we provide evidence that the variation in the degree of winter growth habit in recombinant inbred lines was controlled by quantitative trait loci including three vernalization genes (VRN1, VRN2 and VRN3) that account for 37.9% of the variation in vernalization requirements, with unknown gene(s) explaining the remaining two-thirds of the variation. This evidence implied that the Far Eastern accessions might be a genetically differentiated group derived for an evolutionary reason, resulting in their greater tendency towards a winter growth habit.
Introduction
Flowering must coincide with favorable seasonal conditions (Treviscas 2010). Photoperiod and temperature are two of the main environmental cues that plants monitor to determine the correct time of flowering. Prolonged exposure to low winter temperatures accelerates the transition from vegetative to reproductive growth in many plant species. This process is called vernalization, and it occurs in many plant species including Arabidopsis, wheat relatives (such as Triticum monococcum, T. dicoccoides and T. aestivum) and barley (Hordeum vulgare) (Chouard 1960) . The requirements of vernalization in cereal crops are of particular interest due to its role in determining the adaptation range and due to its association with winter hardiness, as growers seek to avoid damage to temperaturesensitive floral organs from winter frost and heat stress in summer.
Wheat and barley varieties are divided according to their flowering behaviors into two growth habit types: winter and spring. The former requires prolonged exposure to cold temperature in order to flower, whereas the latter group flowers rapidly without cold exposure. According to the genetic studies performed by Takahashi and Yasuda (1971) in barley germplasm, spring growth habit is determined by three genes, designated VRN1, vrn2 and VRN3 (originally named Sgh2, sgh and Sgh3, respectively). These genes, two dominant (VRN1 and VRN3) and one recessive (vrn2), are responsible for spring growth habit, whereas only the haplotype combining their allelic genes (vrn1, VRN2 and vrn3) exhibits winter growth habit. The genetic system that determines growth habit is conserved in wheat and barley, as the vernalization genes of each species are essentially orthologous (Yan et al. 2004 , Yan et al. 2006 .
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The molecular mechanisms of vernalization and floral transition have been uncovered gradually in Arabidopsis (reviewed by Sheldon et al. 2000 , Henderson and Dean 2004 , Baurle and Dean 2006 , Kim et al. 2009 ). FLOWERING LOCUS C (FLC) blocks flowering by inhibiting the genes required for the transition of the meristem from the vegetative phase to floral initiation. FLC encodes a MADS-box transcription factor that represses genes involved in floral development including SUPPRESSOR OF CONSTANS 1 and FLOWERING LOCUS T (FT). Prolonged exposure to cold temperatures mediates the epigenetic regulation of FLC, which is associated with increased levels of repressive histone modifications at FLC chromatin.
Recent reports have described the cloning of the vernalization genes from diploid wheat (T. monococcum; Yan et al. 2003 , Yan et al. 2004 ), hexaploid wheat (T. aestivum; Danyluk et al. 2003 , Murai et al. 2003 and barley (Trevaskis et al. 2003 , Yan et al. 2006 . VRN1 encodes a MADS-box transcription factor similar to APETALA1/CAULIFLOWER/FRUITFULL, which determines meristem identity in Arabidopsis (Yan et al. 2003) . The VRN2 region spans two ZCCT genes that encode a transcription factor with a zinc-finger motif and CCT domain (Yan et al. 2004) . VRN3 encodes the ortholog of FT (Yan et al. 2006) . Flowering during the winter season is repressed by VRN2-mediated down-regulation of VRN3 and low levels of VRN1 transcription. Prolonged low temperature exposure (vernalization) induces VRN1 transcription followed by VRN2 downregulation. Subsequently, the down-regulation of VRN3 occurs and flowering is initiated (Distelfeld et al. 2009 ). VRN1 transcripts remain at a basal level until exposure to cold induces VRN1 expression. This activation is associated with histone 3 lysine 4 trimethylation (H3K4me3) with a loss of H3K27me3 in VRN1 chromatin (Oliver et al. 2009 ).
Acquisition of spring growth habit is thought to be one of the driving forces for the expansion of the cultivable area for wheat and barley (von Bothmer et al. 2003) . In the case of hexaploid common wheat, spring-type landraces were frequent in high latitude areas with severely cold winters and in low latitude areas with warm winters (Nakai and Tsunewaki 1967) . Iwaki et al. (2001) reported that the distribution areas of the spring growth habit landraces were statistically correlated with the mean temperature in January, which was either below À7 C or above 4 C. In contrast to the spring type, the winter types of hexaploid wheat landraces were predominant in medium latitude areas (Nakai and Tsunewaki 1967) , which might be related to the geographic regions with a mean January temperature of À7 C to 4 C (Iwaki et al. 2001) . Most wild ancestors of domesticated barley, H. vulgare ssp. spontaneum, are classified as having a winter growth habit (Takahashi et al. 1963) , indicating that the default status of domesticated barley might have been the winter type. von Bothmer et al. (2003) postulated that a dominant mutation of the VRN1 locus spread throughout the barley-growing area. Subsequent recessive mutations in VRN2 and VRN3 occurred independently and spread (von Bothmer et al. 2003) . Varietal variations and the geographic distribution of spring growth habits have been thoroughly investigated in domesticated barley. A study of spring growth habit in 478 barley cultivars identified five haplotypes of the three vernalization genes and described their geographic distributions (Yasuda 1992 , Yasuda et al. 1993 . Enomoto (1929) indicated that there exists among the varieties of wheat and barley a rather continuous gradation regarding spring and winter growth habits from typical spring to extreme winter (vernalization requirement). Although the geographic regularities of spring growth habit in both hexaploid wheat and barley were gradually uncovered, the varietal variation and geographic distribution of winter growth habit and the relationships between the degree of vernalization requirement and ecological conditions of endemic regions are poorly understood in both cereals. In particular, the natural variations in the duration of cold treatment to flowering have not been addressed either in cereal crops or in Arabidopsis.
In this study, we describe the natural variation and geographic distribution of vernalization requirements in a diverse panel of wild and domesticated barley accessions collected from around the world. The objectives of this study were to (i) depict the geographic distribution pattern of differing degrees of vernalization requirements; (ii) characterize the relationships between winter growth habit accessions and the three vernalization genes (VRN1, VRN2 and VRN3); and (iii) generate a model for the evolutionary history of the establishment of winter growth habit localization patterns.
Results

Geographic distribution of grades of vernalization requirement in barley
To characterize the varietal variation of vernalization requirements and geographic distribution patterns in domesticated barley, we collected data from the entire domesticated barley germplasm collection preserved at Okayama University (http:// www.shigen.nig.ac.jp/barley/). The entire germplasms for the domesticated barley germplasm collection includes 5,256 accessions from barley-growing areas throughout the world. The accessions were assigned to 10 geographic regions based on collection sites. We determined the grade of vernalization requirement for each barley germplasm to evaluate varietal variations in barley growth habit in the geographic context (for details, see the Materials and Methods). We assigned the spring growth habit group to vernalization requirement grade I or II. Grade I varieties are insensitive to cold treatment, whereas grade II varieties are responsive to 1 week of cold treatment (Fig. 1A) . The winter growth habit was divided into three grades (grade III-V). Grade V accessions required the longest cold treatment for flowering (Fig. 1B) .
There is a clear geographic pattern in the distribution of vernalization requirement grades (Fig. 2) . Six geographic regions, spanning the Near East and westward to Turkey, North Africa, Ethiopia, Europe and the New continent, were mainly occupied by spring growth habit varieties (grades I and II). Grades I and II dominate the accessions from Southwest Asia and the Indian subcontinent, but a moderate proportion of grade II varieties are present. In contrast, Eastern regions including Nepal, China, Korea and Japan are dominated by the winter growth habit varieties (grades III-V) (Fig. 2) . We also determined the grades of vernalization requirement in 161 wild barley accessions collected from wild barley-growing regions throughout the world (Konishi 1995) Table S1 ). The most moderate winter growth habit (grade III) was assigned to 69.6% of the wild barley accessions, and seven were classified as having a spring growth habit (grade I or II) (Fig. 2) . According to the descriptions by Takahashi et al. (1963) , the default in barley might be the winter growth habit. The distribution patterns of the vernalization requirement grades in the Near East, where wild barley is endemic (Takahashi 1955 , Konishi 1995 , von Bothmer et al. 2003 , are relatively similar between wild and domesticated barley (Fig. 2) .
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Although 27.9% of the accessions were classified as exhibiting the grade I spring growth habit, a representative characteristic of domesticated barley, the most frequent grade of both taxa was grade III (69.6% in wild barley and 50.0% in domesticated barley) (Fig. 2) .
In contrast to the Near East region, domesticated barley of the Western regions were strongly confined to grade I, and the more extreme winter growth habits (grades IV and V) were restricted to the Eastern regions (Fig. 2) . We conclude that the default vernalization requirement might be the moderate grade of winter growth habit (grade III); the spring growth habit (grades I and II) common in the Western region and the higher grade winter growth habits (grades IV and V) of the Eastern region might have expanded after the domestication of barley.
Relationships between population structure and the distribution pattern of vernalization requirements (2007) suggested two geographic regions for barley domestication: the Fertile Crescent, which contributed to the diversity of European and American accessions, and a second origin 1,500-3,000 km east of the Fertile Crescent, which contributed to the diversity of East Asia. Based on molecular phylogeographic analysis of the diversity of domesticated barley using five sequence-tagged site (STS) markers, Saisho and Purugganan (2007) revealed that the domesticated barley landraces were genetically divided into the Western group, including the Near East, Turkey, the Mediterranean and Transcaucasus, and westward to Ethiopia and Europe; and the Eastern group, including Southwest Asia and eastward to the Himalayas, China, Korea and Japan. According to these molecular diversity studies, the Zagros Mountain area could be the boundary between the Western and Eastern regions. The distribution patterns of vernalization requirements corresponded well to the genetic differentiation pattern of domesticated barley (Fig. 3) . The majority (79.3%) of the grade I varieties were detected in the Western region, and 70.7% of spring growth habit varieties (grades I and II) were also from this region (Fig. 3) . In contrast, the strong winter growth habit types (grades IV and V) were mainly localized in the Eastern region (85.4%) (Fig. 3) . Acquisition of spring growth habit corresponding to mutations of VRN loci is considered one of the driving forces in the adaptation to the Western region in domesticated barley (von Bothmer et al. 2003) . Conversely, the biased distribution of the higher grades of vernalization requirement might be related to the evolutionary history of Eastern domesticated barley, which was separately domesticated and expanded through East Asia.
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Development of a quantitative evaluation system for the extent of vernalization requirement
Under the conventional procedures to determine grades of vernalization requirement, all of the accessions were divided into any of five grades by two types of qualitative tests (see details in the Materials and Methods). To evaluate the degree of winter growth habit quantitatively, we newly defined flowering acceleration (flag leaf emergence) by cold treatment with the flowering acceleration index (FAI). temperature in five standard accessions (grades I-V). Accessions belonging to grade I ('Indo Omugi') and II ('Marumi 16') were not affected by prolonged cold treatment, whereas higher grades of vernalization requirement, grades III ('Saga Dairyu 2'), IV ('Dairokkaku 1') and V ('Nagaoka'), were gradually stimulated by prolonged exposure to cold depending on the duration of treatment (Fig. 4A) . The relationships between the duration of cold treatment and the extent of flowering acceleration appeared linear. Based on this relationship, the difference in days to flowering after planting (DAP) is defined as the FAI, which was calculated by subtracting the DAP of the 2 week treatment from the DAP of the 4 week treatment. Fig. 4B represents the FAI of the five standard accessions. In grades III-V, the FAIs were clearly correlated with the grades of vernalization requirement (Fig. 4B) .
Segregation analysis for the extent of winter growth habit
To dissect the genetic mechanism for the extent of winter growth habit in a quantitative manner, we performed genetic segregation experiments using recombinant inbred lines (RILs) derived from crossing a wild accession ('H602'; grade III) with a Japanese domesticated accession ('Hayakiso 2'; grade IV). After a conventional spring seeding experiment using the RILs (n = 140), we found that some lines in the RILs were classified as grade V, which is higher than the grades of the parent lines (III and IV) as transgressive segregants ( Table 1) . Fig. 5A presents the frequency distributions of flag leaf expansion days after 2, 3 and 4 weeks of cold treatment in the RILs. The differences in days between 'H602' and 'Hayakiso 2' were diminished with increasing duration of the cold treatments (27.5, 12.8 and 5.6 for 2, 3 and 4 weeks of treatment, respectively; Fig. 5A ). These differences represent the genetic variation of the vernalization requirement between grades III and IV. Entire variations in the RILs also gradually decreased among the three experimental conditions. Ranges, defined as the differences in flag leaf expansion days between the earliest and latest day, were 67.7, 35.1 and 13.1 for the 2, 3 and 4 week treatments, respectively. Fig. 5B shows the histogram of the FAI in the RILs. The mean value for the RILs was 33.6, and the standard deviation was 12.6. Overall, 46 lines (32.8%) of the RILs exhibited larger FAI values than the higher winter growth habit parent 'Hayakiso 2', indicative of transgressive segregants (Fig. 5B) . Continuous Is the higher winter growth habit trait associated with spring growth habit genes?
The spring growth habit trait was controlled by allelic variations in three vernalization genes, VRN1, VRN2 and VRN3, in barley (Trevaskis et al. 2007 , Distelfeld et al. 2009 , Shimada et al. 2009 , Trevaskis 2010 . In this study, we verified that the difference between grades of vernalization requirement might be also associated with allelic variation(s) in the three vernalization genes. Figure S1) . All eight theoretically predicted haplotypes were discovered in the RILs, including 7-18 lines in each haplotype. The eight haplotypes among the three vernalization genes exhibited significantly different FAIs (Fig. 6) . Two haplotypes, AAA and BBB, are identical to the crossing parents 'H602' and 'Hayakiso 2'. The 'H602' allele of VRN1 and the 'Hayakiso 2' allele of VRN3 increased the FAI. In comparison with FAI values for the eight haplotypes, mean values of the FAI ranged from 24.4 (haplotype BAA) to 50.1 (haplotype ABB). One-way analysis of variance (ANOVA) indicated that approximately 37.9% of the FAI variation in the RILs could be explained by the eight haplotypes provided by the three vernalization genes ( Table 2 ). This evidence indicates that the variation of winter growth habit is partially explained by allelic variation of the vernalization genes, VRN1, VRN2 and VRN3, and the remaining two-thirds is explained by unknown gene(s).
Discussion
In this study, we demonstrated (i) the biased geographic distribution pattern of vernalization requirement grades in an entire collection of domesticated barley; (ii) that wild barley accessions and domesticated landraces share regions that overlap with those of the wild ancestors and mainly belong to the moderate class of winter growth habit; and (iii) that the degree of winter growth habit in the RILs was controlled by QTLs including the three genes (VRN1, VRN2 and VRN3) explaining 37.9% of the variation of the vernalization requirement. Molecular phylogeographic analysis of the diversity panel of domesticated barley using five STS loci revealed that the domesticated barley varieties were genetically divided into Western and Eastern groups (Saisho and Purugganan 2007) . Recent molecular population genetic studies strongly supported the multiple domestication scenario of barley (Morrell and Clegg 2007 , Saisho and Purugganan 2007 , Brown et al. 2009 ); the primary origin of barley domestication appears to be the Fertile Crescent, and the secondary domestication site is thought to have been 1500-3000 km further east (Morrell and Clegg 2007) . We presented the biased distribution pattern of vernalization requirement grades in large-scale barley germplasms (Fig. 2) . The distribution patterns of the grades for vernalization requirement corresponded well with the genetic population structure of the domesticated barley (Figs 2, 3) . Grade I varieties were concentrated in Western regions including Turkey, Europe and North Africa, and in Ethiopia. The frequency of grade I gradually increased from the Near East and Southwest Asia westward to Europe and North Africa. In contrast, the higher grades of winter growth habit (grades IV and V) were predominant in Far East Asian regions including China, Korea and Japan (Figs 2, 3) , although the grade IV and V varieties are moderately distributed in the Western regions (minimum 1% in North Africa to 19% in the Near East). The frequencies of grades IV and V were also moderate in wild barley (25.9%) and in Southwest Asia, India and Nepal regions (<10%). The localized pattern of grades IV and V in the Far East area also appears to resemble the genetic cluster, indicating that the Far Eastern accessions might be a genetically differentiated group derived from an evolutionarily determined push toward higher grades of winter growth habit.
The crossing parents of the RILs in this study were grade III wild barley ('H602') and grade IV Japanese landrace ('Hayakiso 2'). As both of the grades of vernalization requirement were representative of each taxonomic or geographic group ( Fig. 2; wild vs. Japan), the variations of the degree of winter growth habit segregating the RILs might be reflected in the evolutionary process of the Far Eastern population, which was genetically differentiated and expanded into this area. Because the 'H602' allele of VRN1 and the 'Hayakiso 2' alleles of VRN3 exhibited the effect of increasing the FAI, indicative of a higher degree of vernalization requirement (Fig. 6) , we suggested that the transgressive segregants in the RILs were due to allelic combinations among the genes. However, the three vernalization genes-VRN1, VRN2 and VRN3-partially explained the total variations in the vernalization requirement in the RILs ( Table 2) . The evidence also suggested that the variation in winter growth habit was controlled by a combination of allelic differences of the vernalization genes, and other unknown genes explaining the remainder of the phenotypic variation for the higher degree of winter growth habit loci. Identification of other genetic factors should be helpful in understanding the degree of vernalization requirement. QTL analysis using DNA markers distributed throughout the genome would be one of the available approaches to detect the unknown genes (Hori et al. 2005 , Hori et al. 2007 .
Barley, as well as hexaploid wheat, can adapt broadly and ecologically, which differentiates it from other cereals (Poehlman 1985) . It is widely believed that the acquisition of spring growth habit made it possible to facilitate adaptations to multiple regions of differing latitude and longitude and to expand the cultivation area of these cereals (von Bothmer et al. 2003) . The geographic distribution pattern of the growth habit types in hexaploid wheat are closely related to the degree of winter coldness (Nakai and Tsunewaki 1967, Iwaki et al. 2001) . The spring type of hexaploid wheat is frequently distributed in two distinct areas (mean January temperature below À7 C or above 4 C), whereas the winter type of the species is predominantly discovered in areas with temperatures ranging from À7 C to 4 C around the same time (Iwaki et al. 2001) . Regarding barley, the biased distribution pattern of spring growth habit in the Western region appears to be supported by this idea. Barley cultivations in higher latitudes such as the Balkan states and in higher altitudes such as Abyssinia (Ethiopia) are commonly referenced illustrative examples (Poehlman 1985 , von Bothmer et al. 2003 . Both spring and winter types of barley cultivars in East Asia are generally sown in autumn (von Bothmer et al. 2003) . However, we discovered that higher grades of winter growth habits (grades IV and V) predominantly prevailed in this area. According to the grading data of the 161 wild barley accessions in this study, the wild ancestors of domesticated barley were mainly classified in the moderate type of winter growth habit (grade III) (Fig. 2) . This evidence indicates the possibility that the acquisition of higher grades of winter growth habit might have been necessary to expand the barley cultivation area of the Far East such as China, Korea and Japan. A quarter of wild barley accessions were classified into grades IV and V (Fig. 2) . However, the genetic mechanism of the higher degree of winter growth habit in the wild accessions and the phylogenetic relationships of the wild barley and domesticated barley harboring the same trait are not addressed in this study. It is also necessary to infer the possibility that the higher degree of vernalization requirement trait is adaptively selected in the process of expanding cultivable areas into Far East regions by means of phylogenetic and/or population genetic analysis. The Far Eastern region was the only place where both temperate cereal crops and tropical crops such as rice were cultivated. Rice cultivation areas are well-known tropic and subtropic areas, but the Far East is one of the northern limits of rice cultivation (Izawa 2007) . As farmers cultivate rice during the summer season in the Far East region, spring growth habit in barley is disadvantageous for the double-cropping system of rice-barley and rice-wheat cultivation. The warm and moist climate conditions are also disadvantageous for cereal cultivation in spring growth habitats in the summer in the Far East. Therefore, the acquisition or selection of the higher grade of winter growth habit might have originated after the second domestication in the area further east from the Fertile Crescent and implied that the higher grade of winter growth habit might be necessary to expand into the Far East area as part of double-crop cultivation with rice. According to Iwaki et al. (2000) , East Asian hexaploid wheat landraces were geographically differentiated into three groups along with the mean January temperature, and winter-type landraces would adapt to areas where the mean temperature in January ranged from À7
C to 4 C including the central part of China, Korea and Northeast Japan. More than 70% of the wheat landraces in these areas were classified as winter type in this study. Although the degree of vernalization requirement of these landraces is unclear, the predominance of winter-type accessions in this area was similar to that of barley. The biased geographic distribution of higher grades of vernalization requirement in the Far East barley accessions might also evolve to adapt to the ecogeographic condition in these areas similar to the hexaploid wheat landraces.
In conclusion, our findings provide a new framework for the biased geographic distribution of higher grades of winter growth habit in barley. This evidence sheds light on the evolutionary history of dispersal and adaptation of domesticated barley.
Materials and Methods
Plant materials
A total of 5,214 accessions of the entire collection of domesticated barley preserved in the Institute of Plant Science and Resources, Okayama University and publicly available from the Barley DB (http://www.shigen.nig.ac.jp/barley) were used to evaluate variations in vernalization requirement. Grade data of the 5,214 domesticated barley accessions that have been recorded in the Barley DB (http://www.shigen.nig.ac.jp/barley) were collected from the database for this study. Grade data of 42 accessions were not determined, having been excluded from this study.
In Barley DB, the degree of vernalization requirement has been divided into six grades (1-6). Grade 3 has been classified as a facultative or intermediate growth habit group. However, it was difficult to flower in a spring sowing condition (see below), and was separated from spring growth habit in this study. Because only 30 accessions (0.058%) have been classified into grade 6, these accessions were classified as grade V in this study. On the basis of these rules, we converted the six grades of vernalization requirement into Roman numerals in this study (I-V), whereas the grades in Barley DB (http://www.shigen.nig. ac.jp/barley) are presented as Arabic numerals (1-6). Five domesticated accessions were selected and used as standard accessions for each grade of vernalization requirement to define the FAI. The following five standard accessions were used to represent the five grades of vernalization requirement: 'Indo Omugi' (OUJ694; grade I), 'Marumi 16' (OUJ007; grade II), 'Saga Dairyu 2' (OUJ090; grade III), 'Dairokkaku 1' (OUJ654; grade IV) and 'Nagaoka' (OUJ025; grade V). Both 'Indo Omugi' and 'Marumi 16' have a single dominant VRN1 allele and are categorized as spring growth habit (Takahashi and Yasuda 1956 ). The grades of vernalization requirement in 161 wild barley accessions were determined according to the procedure described below.
In total, 140 F 5 RILs derived from a cross between a spontaneous variant of wild barley OUH602 (described as 'H602' in this study) and a Japanese landrace 'Hayakiso 2' (OUJ064) were developed by single-seed descent.
Determination of the grades for vernalization requirement
To evaluate the varietal variations of barley growth habit in a geographic context, we refined the conventional method of grading. We determined the grade of vernalization requirement for barley germplasm with two types of qualitative experiments. First, to distinguish the type of growth habit (spring or winter), 10 grains were sown in a greenhouse at an average temperature of 20 C, and the flag leaf DAP were measured under continuous light (Fig. 1A) . Accessions reaching the flag leaf expansion stage within 60 d were classified as spring growth habit and the rest were classified as winter growth habit. We also assigned the spring growth habit group to grades I or II, according to whether the accelerating effect of DAP until flag leaf expansion occurred after 1 week of cold treatment before planting. The grade I group is insensitive to 1 week of cold treatment, whereas grade II varieties are responsive to this treatment (Fig. 1A) . Secondly, we divided the winter growth habit group into three grades (grades III-V) using spring seeding experiments (Fig. 1B) . Ten grains of each accession were seeded in the field every 10 d from February 11 until March 31, and the seeding dates and whether each accession was at the flag leaf stage or later were recorded. We defined the earliest date of six sets of seeding dates not to the reach flag leaf stage as the critical seeding day (CSD) for flowering for each accession. The CSDs of grades III, IV and V of winter growth habit groups were March 31, 11 and 1, respectively. Fig. 1B shows a picture of the experimental plot seeded on March 11. The grade of vernalization requirement was assigned to each barley accession.
Plant growth conditions
To measure FAIs, 10 seeds of each RIL and standard accessions were subjected to vernalization treatment at 4 C for 2, 3 or 4 weeks after imbibition under dark conditions. After vernalization treatment, plants were grown in a greenhouse under continuous light conditions. The temperature in the greenhouse was maintained at an average of 20 C. We recorded the DAP until the emergence of the flag leaf of each plant, and the mean values of the 10 plants were used to score each line.
Genotyping of VRN genes
Genomic DNA of the RILs was extracted from single plants using the automated genomic DNA isolation system NA-2000 (Kurabo Industries Ltd.). To detect polymorphisms of the VRN genes (VRN1, VRN2 and VRN3) between 'H602' and 'Hayakiso 2', PCR fragments of the three genes were sequenced according to a previously described procedure (Saisho et al. 2009 ). Primers for amplification of the VRN genes were designed from the sequences available in GenBank using the program Primer3 (Rozen and Skaletsky 2000) . Accession numbers and primer sequences for the three VRN genes are as follows: VRN1, AY750993, forward primer, primer D of the HvVRN1-3 allele, and reverse primer, primer X of the HvVRN1-7 allele (Supplementary Table 1 in Hemming et al. 2009 ); VRN2, DQ492695 (Szücs et al. 2007 ), forward primer, 5 0 -AAAGCTACCGCCATGTGACC-3 0 and reverse primer, 5 0 -CTTGTTTCCATTTCGTGAGG-3 0 ; and VRN3, DQ900686 (Yan et al. 2006) , forward primer, 5 0 -CAGAAGGCAGAACCAATT CAACC-3 0 and reverse primer, 5 0 -ACACGTGATGAACAGAAGCAT CG-3 0 . The sequences of each amplicon were analyzed to discover polymorphisms between the parental accessions of the RILs, and single nucleotide polymorphisms (SNPs) were genotyped by either CAPS or dCAPS markers. VRN1 was genotyped as a dCAPS marker using a degenerated reverse primer (5 0 -GACAGCGCGTACATAAT TTACCATGACTCCGT-3 0 ), and amplicons were digested by the restriction enzyme BtgI (New England Biolabs). VRN2 and VRN3 were genotyped as CAPS markers digested by the restriction enzymes SpeII (TAKARA) and PvuI (TAKARA), respectively. Sequence alignments of the 3 VRN genes determined in this study are shown in Supplementary Figs S2-S4.
Statistical analysis
One-way ANOVA and other statistical calculations were performed with JMP software ver. 7.0.2 (SAS Institute Inc.).
Supplementary data
Supplementary data are available at PCP online. 
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